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ABSTRACT 
The study aimed to assess how the crystallization and ageing times in SBA-15 synthesis influence the repro-
ducibility and particle size of mesoporous molecular sieves. X-ray diffraction showed that higher crystalliza-
tion times provide greater reproducibility of mesoporous silica, due to the fact that there is no significant var-
iation in the width and intensity of peaks, while the same is not true for shorter crystallization times. Ageing 
time does not seem to exercise a significant influence when higher crystallization times are used in the syn-
thesis. Scanning electron microscopy observations revealed that shorter crystallization times led to larger 
crystals in addition to the formation of large agglomerates, whereas with higher crystallization times the trend 
is to obtain smaller and more uniform grains. It is proposed that hydrogen bonds may be responsible for the 
formation of smaller particles and it is also established that depending on the synthesis conditions the repro-
ducibility of the process can become low. 
Keywords: reproducibility, SBA-15, crystallization time, ageing time. 
1. INTRODUCTION 
The mesoporous molecular sieve SBA-15 was synthesized for the first time using an organic surfactant of 
type Pluronic 123, a triblock copolymer of ethylene oxide (EO) and propylene oxide (PO) with the general 
formula EO20PO70EO20 [1]. Dilute concentrations of Pluronic 123 in an acid medium (pH < 1) produced a 
hexagonal structure with a pore arrangement similar to MCM-41, which was designated SBA-15 (Saint Bar-
bara no. 15). Using block copolymers instead of low-molecular-weight surfactants, as generally occurs in 
MCM-41, has the advantage of giving more stable materials, as the silica walls are thicker and the pore di-
ameters larger [2]. 
The mesoporous molecular sieve SBA-15 was synthesized for the first time using an organic surfac-
tant of type Pluronic 123, a triblock copolymer of ethylene oxide (EO) and propylene oxide (PO) with the 
general formula EO20PO70EO20 [1]. Dilute concentrations of Pluronic 123 in an acid medium (pH < 1) pro-
duced a hexagonal structure with a pore arrangement similar to MCM-41, which was designated SBA-15 
(Saint Barbara n
o
. 15). Using block copolymers instead of low-molecular-weight surfactants, as generally 
occurs in MCM-41, has the advantage of giving more stable materials, as the silica walls are thicker and the 
pore diameters larger [2]. 
In more detail, SBA-15 has a pore size of up to 30 nm and a wall thickness between 3 and 6.5 nm. 
Certainly, these features increase the potential of the use of SBA-15 in catalysis or other processes [1]. At the 
same time, due to their high specific area and ordered array of pores, these materials are suitable for introduc-
ing active species such as metals [3]. 
In the literature, there are several works that deal with various aspects of SBA-15 synthesis such as the 
temperature, crystallization time, pH, ageing time, template composition, and addition of substances during 
the synthesis, which affect the structural and adsorption properties of these mesoporous structures [4–8]. In 
spite of significant advances in this area, there is still great interest in the synthesis of SBA-15 in order to 
make it simple and feasible to scale up [9]. For these reasons, it is extremely important that the synthesis is 
easily reproducible. 
 In addition, the morphology and texture properties of mesoporous silica are extremely important for 
industrial applications [3, 6, 7, 10, 11]. Varying the experimental conditions used in the synthesis of SBA-15 
is an easy and efficient method of controlling the textural properties of the mesoporous molecular sieve, 
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which may be beneficial for a certain type of application, for example, by providing greater accessibility of 
reactants to the pores. Thus, there may be an increase in the activity and selectivity of the catalyst [12].  
A small particle size and narrow size distribution are essential features of this type of material. It is 
evident that reducing the particle size from micrometres to nanometres causes substantial changes in the ma-
terial properties. The smaller the grain size, the higher the specific external area per unit volume and the low-
er the mass transfer resistance to transport of chemical species [13–15]. 
From the template synthesis mechanism proposed by researchers of the Mobil Oil Corporation, known 
as Liquid Crystal Templating [16] several works were developed with the aim of obtaining new mesoporous 
materials as well as new synthesis routes [2,17–19]. Interaction between the surfactante and the inorganic 
phase has become one of the most important parameters in the definition of the preparation route of mesopo-
rous materials. Due to the fact that the formation of the materials is still not fully known, it is interesting to 
perform studies on their syntheses and formation mechanisms, because there is no universal mechanism de-
scribing all the crystallization processes of different mesoporous molecular sieves. 
Following this reasoning, the present work evaluated how the crystallization and ageing time influ-
ence the reproducibility and particle size of the synthesized SBA-15. Furthermore, an additional step to a 
mechanism described in the literature for the formation of the mesoporous molecular sieve is proposed. 
2. MATERIAL AND METHODS 
2.1 Synthesis of Mesoporous Molecular Sieve 
The synthesis was performed according to the method proposed in the literature [1,19]. The method was cho-
sen primarily because of the use of the copolymer P123 as a structure-directing agent which forms more sta-
ble materials [2]. The reagents used were Pluronic P123 (EO20PO70EO20), HCl solution (2mol/L), tetraethyl 
orthosilicate (TEOS C8H12O4Si, 98%), and deionized water. First, 4 g of Pluronic P123, 120 g of hydrochlo-
ric acid solution, and 30 g of deionized water were mixed in a Teflon container until complete dissolution of 
the polymer. Then 8.5 g of TEOS was added to the solution, which was stirred at 40°C for crystallization of 
the material. After this period, the suspension was placed in a stainless steel autoclave lined with Teflon and 
maintained at 100°C during the ageing step. Subsequently, the solid obtained was filtered, washed with ex-
cess deionized water, and dried at 100°C overnight. The samples were calcined in air under static conditions 
at 550°C for 6 h at a heating rate of 1 °C per minute. The crystallization time applied was 3 or 24 h and the 
ageing time was 24 or 48 h. The synthesis characteristics of each sample are shown in Table 1: 
 
Table 1: Synthesis characteristics of each sample. 
Sample Crystallization time (h) Ageing time (h) 
1 3 24 
2 3 24 
3 3 24 
4 3 24 
5 24 24 
6 24 24 
7 24 24 
8 24 24 
9 24 48 
10 24 48 
2.2. Characterization of Mesoporous Molecular Sieve 
2.2.1 X-ray diffraction 
Low-angle X-ray diffraction (XRD) patterns were obtained using a Bruker Advance D8 powder diffractome-
ter with Cu Kα radiation from 0.5 to 5° with a step size of 0.01°. The interplanar distance was calculated us-
ing Bragg's Law, described below: 
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nλ = 2.d.sen(θ)                                                                                   (1) 
λ is the wavelength of Cu Kα radiation (1.54 Å), d the interplanar distance, and θ the Bragg angle. 
The unit cell parameter (a0) of the hexagonal mesoporous arrangement of SBA-15 was obtained from 
the interplanar distance values and was calculated using the equation for solids with hexagonal symmetry in 













                                   (2) 
Where c is a constant and h, k, and l are the Miller indices of the crystal plane. 
2.2.2 High-Resolution Transmission Electron Microscopy 
High-resolution transmission electron microscopy (HRTEM) was carried out using a JEM 3010 URP micro-
scope at the Electron Microscopy Laboratory of the Brazilian Nanotechnology National Laboratory 
(LNNano) operated at 300 KV with a LaB6 thermionic electron gun and point-to-point resolution of 0.17 nm. 
HRTEM images were acquired using a charge-coupled device Gatan 194SC multiscan digital camera, with 
1024X1024 pixels attached to DigitalMicrograph software (Gatan Inc.). Prior to measurement, the solids 
were ultrasonically dispersed in isopropyl alcohol and the suspension was collected on copper grids covered 
with a holey carbon thin film, dried, and rapidly transferred to the microscope. 
2.2.3 Adsorption and Desorption with Nitrogen 
Analyses of nitrogen adsorption/desorption were carried out at –196°C on a Micromeritics ASAP 2020 appa-
ratus using approximately 0.100 g of sample for each measurement. Before the measurements, the samples 
were degassed under vacuum condition at 300°C for 3 h. The specific surface areas were evaluated using the 
Brunauer–Emmett–Teller (BET) method in the P/P0 range of 0.05–0.3 [21]. Pore size distribution curves 
were calculated from the desorption branch of the nitrogen isotherms using the Barrett–Joyner–Halenda 
(BJH) method [22], calibrated for cylindrical pores [23]. The total pore volumes were estimated according to 
nitrogen uptake at a relative pressure (P/P0) of 0.99. The micropore volume and micropore surface area were 
estimated by a t-plot method [24]. 
2.2.4 Scanning Electron Microscopy 
The morphology and size of the zeolite crystallites were assessed by scanning electron microscopy (SEM) in 
a Shimadzu SuperScan SS-550 microscope. Prior to obtaining the images, the samples were covered with a 
gold film by a sputtering process in order to provide electrical conductivity to the material. 
3. RESULTS AND DISCUSSION 
Figure 1 shows the XRD patterns of the SBA-15 synthesized with a crystallization time of 3 h and ageing 
time of 24 h (samples 1 to 4), crystallization time of 24 h and ageing time of 24 h (samples 5 to 8), and crys-
tallization time of 24 h and ageing time of 48 h (samples 9 and 10). Replicas were performed in order to veri-



























Figure 1: XRD patterns of synthesized SBA-15. a) 3 h crystallization interval and b) 24 h crystallization interval. 
 
The synthesis of molecular sieve SBA-15 was confirmed through the X-ray diffractograms shown in 
Figure 1, which are similar to those obtained in the literature.1 Samples prepared in a 3 h crystallization in-
terval showed three well-defined peaks indexed to the planes (100), (110), and (200), which are indicative of 
the hexagonal symmetry of SBA-15. On increasing the crystallization time to 24 h, in addition to the previ-
ously mentioned planes, the plane (210) appears in the diffractogram, which is indicative of the hexagonal 
symmetry of SBA-15 with a high degree of organization.1 It is observed that the prolongation of the crystal-
lization time leads to a better organized product and more highly polymerized silica network [2]. 
In the diffractograms shown in Figure 1(b), increasing the ageing time does not appear to have a sig-
nificant effect on the ordered arrangement of the samples. This may occur due to the high crystallization time, 
which can cause the effect of ageing time on the crystallinity to be negligible [4]. 
As reported by Fulvio and Jaroniec [9] the structure formation of SBA-15 really occurs during the first 
few hours of crystallization. However, the reproducibility of the results has not been verified for reduced 
ranges of this step. As shown in Figure 1(a), with short periods of crystallization, the peak intensities in the 
XRD patterns varied significantly from one synthesis to another, which did not occur in the syntheses in 
which longer crystallization times were used. 
Interplanar distances and unit cell parameters (a0) of the synthesized SBA-15 are presented in Table 2. 
The values obtained were compared with those presented by ZHAO et al. [1]. 
Table 2: Interplanar distances and unit cell parameters of SBA-15. 
SAMPLE  D100(NM) D110(NM) D200(NM) A0(NM)* 
1 9.0 5.4 4.7 10.4 
2 9.4 5.6 4.8 10.9 
3 9.2 5.5 4.8 10.7 
4 9.6 5.7 4.9 11.1 
5 9.6 5.7 4.9 11.1 
6 9.7 5.7 5.0 11.2 
7 9.6 5.7 4.9 11.1 
8 9.7 5.7 5.0 11.2 
9 9.8 5.8 5.0 11.3 
10 9.7 5.7 5.0 11.2 
ZHAO et al.
 
[1] 10.4 6.0 5.2 12.0 
*Cell parameters relating to the plane (100). 
 
The values were closer to the standard in the samples which were treated with the longer crystalliza-
tion time, indicating the importance of this step in the synthesis of the material. 
Figure 2 shows the HRTEM images. A well-ordered hexagonal array of mesopores is observed for the 
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samples when the electron beam is parallel to the main axis of the cylindrical pores. When the electron beam 
is perpendicular to the main axis, the cylindrical pores are viewed from the side as a striped image. The im-
ages confirm the well-ordered hexagonal arrays of mesopores with one-dimensional channels, indicating a 2-
D hexagonal (P6mm) mesostructure. The distance between the centres of two adjacent pores is about 100 Å 













Figure 2: Transmission electron microscopy images of the SBA-15 (sample 8). Electron beam parallel (a) and perpen-
dicular (b) to the main axis of the pores. 
Nitrogen adsorption isotherms for samples are shown in Figure 3. Four distinct regions are observed: 
(a) initially, adsorption occurs in regions of low relative pressure (P/P0 < 0.02), corresponding to the filling of 
micropores; (b) then, there is a linear increase in adsorbed volume due to adsorption on single- and multi-
layers on the material surface, including the mesoporous surface; (c) the increase in adsorbed volume  at in-
termediate pressures is attributed to the phenomenon of capillary condensation in primary mesopores; (d) 
finally, the increased volume adsorbed at high relative pressures is associated with adsorption in the multi-
layer and/or condensation of fluid in the secondary mesopores. In this case, the uniform cylindrical pores are 
















Figure 3: Adsorption and desorption isotherms of nitrogen of SBA-15. 
In all cases, the isotherms are of type IV and exhibit hysteresis loops of type H1 according to the IU-
PAC classification, typical of materials with pores of constant cross-section (for instance, cylindrical or hex-
agonal) [25]. The shape of the nitrogen adsorption–desorption isotherm is characteristic for a well-formed 
SBA-15 material.  
In the sample that was synthesized with the shortest crystallization time (sample 3), an additional ca-
pillary condensation is observed at partial pressures greater than 0.90 due to the filling of textural mesopores 
[26]. Textural mesoporosity is the porosity arising from non-crystalline intraaggregate voids and spaces 
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formed by interparticle contacts [27]. It has been reported [28] that these materials have four different levels 
of structure: particles, grains, crystallites, and mesopores [29], which could lead to this additional porosity. 
This can be better explained and understood through electronic scanning microscopy, as will be shown later. 
Table 3 presents the textural properties of the synthesized materials. The specific area is shown by the 
BET method, the area of micropores by the t-plot method, and the total volume and average diameter of 
pores by the BJH method. The results are within the ranges obtained in the literature [1,19]. 








3 805 166 0.892 5.58 
7 710 133 0.813 5.34 
9 743 114 1.12 6.85 
 
Figure 4 shows the micrographs obtained by SEM. The analysis was performed in order to verify the 
morphology of the synthesized samples. It is observed that in samples synthesized with a crystallization time 
of 3 h, there was a variation in particle size of nanometres to micrometres, whereas the samples that were 
synthesized for a longer crystallization time showed a lower average diameter without many variations. In the 
images 1(a) and (b), the grains are so agglomerated that they seem like a single particle, such is the interac-
tion that unites them. 
Particle sizes presented in Figure 4 correspond to the variation of intensity and peak widths in the 
XRD patterns shown in Figure 1. The decrease in intensity and increase in the width of the peaks are ex-



















Figure 4: Micrographs obtained by scanning electronic microscopy of SBA-15 samples. (a) and (b) are samples synthe-
sized with a crystallization time of 3 h, while (c) and (d) are samples synthesized with a crystallization time of 24 h. 
Scale: 500 µm. 
A curious fact observsed in the syntheses performed is the large size of some particles in samples 
whose crystallization time was shorter. As has already been reported in the literature [2], the molecular caus-
es of this attraction between the particles are unclear. FLODSTROM et al. [2] proposed that the mechanism 
of SBA-15 formation using P123 as a structure-directing agent follows five steps: (1) hydrolysis of silica 
precursor; (2) silica polymerization; (3) growth of flocs; (4) association of flocs to form larger flocs; and (5) 
micelle coalescence forming cylindrical aggregates. It is well established that poly(ethylene oxide) adsorbs 
on silica surfaces [31]. Similarly, micelles based on EO non-ionic surfactants also adsorb on such surfaces, as 
do Pluronic micelles [32]. The attractions that occur can be attributed to hydrogen bonds between the hydro-
lyzed silica and OE groups (SiOH-OE) as well as direct interactions between the EO group and silicon (EO-
Si) [33]. Thus, as the polymerization of silica progresses, its affinity for the EO layer should increase and, as 
long there is an excess of EO palisade layers, there is the opportunity for a bridging interaction that will con-
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nect two micellar aggregates, corresponding to the fifth step of the process proposed by FLODSTROM et al. 
[2]. If the interaction is strong enough, it will cause the formation of aggregates corresponding to larger 
grains. However, if the attraction is not strong enough, hydrogen atoms could breaking the connections be-
tween the groups that form aggregates through hydrogen bonds, thus forming smaller grains. Due to the fact 
that the hydrogen bonds are extremely strong compared to other connections, over time, the system would 
become more stable. This would explain why the synthesis that occurred over a longer crystallization time 
led to a smaller grain size. It would also be in accordance with FLODSTROM et al. [2], who affirm that if 
the silica polymerization is allowed to proceed too far, passing the gel point, the micelle–micelle coalescence 
can be expected to become increasingly hindered and ultimately impossible, whereas the structural changes 
of the aggregates occur simultaneously with the progression of the silica polymerization. Thus, there is a ten-
dency to obtain particles of reduced size when the synthesis is performed using long periods of crystallization. 
4. CONCLUSIONS 
According to the results obtained, it can be inferred that the crystallization time exerts a significant influence 
on the reproducibility and particle size of synthesized samples. A long crystallization time (24 h) gives ho-
mogeneous particles that are smaller in size as well as more reproducible, which is not the case for the SBA-
15 synthesized in 3 h. The ageing time does not seem to exert significant influence on synthesis when ex-
tended crystallization times are used. The formation of smaller particles can be explained by the breaking of 
connections that form the agglomerates, resulting in smaller particles and subsequent formation of hydrogen 
bonds, which make the system more stable. Thus, a decrease in the synthesis time may affect the effective 
reproducibility and particle size of the samples. 
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